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We present the superconducting and normal state properties of CaPd2Ge2 single crystal investi-
gated by magnetic susceptibility χ, isothermal magnetization M , heat capacity Cp, in-plane elec-
trical resistivity ρ and London penetration depth λ versus temperature T and magnetic field H
measurements. Bulk superconductivity is inferred from the ρ(T ) and Cp(T ) data. The ρ(T ) data
exhibit metallic behavior and undergoes a superconducting transition with Tc onset = 1.98 K and
zero resistivity state at Tc 0 = 1.67 K. The χ(T ) reveal the onset of superconductivity at 2.0 K. For
T > 2.0 K, the χ(T ) and M(H) are weakly anisotropic paramagnetic with χab > χc. The Cp(T )
confirm the bulk superconductivity below Tc = 1.69(3) K. The superconducting state electronic
heat capacity is analyzed within the framework of a single-band α-model of BCS superconductivity
and various normal and superconducting state parameters are estimated. Within the α-model, the
Cp(T ) data and the ab plane λ(T ) data consistently indicate a moderately anisotropic s-wave gap
with ∆(0)/kBTc ≈ 1.6, somewhat smaller than the BCS value of 1.764. The relationship of the heat
capacity jump at Tc and the penetration depth measurement to the anisotropy in the s-wave gap is
discussed.
PACS numbers: 74.70.Dd, 74.10.+v, 74.25.Bt, 74.25.-q
I. INTRODUCTION
With the advent of high-Tc superconductivity in FeAs-
based compounds, these layered materials attracted
much attention within the scientific community.1–4 Spe-
cial interest in the doped AFe2As2 (A = Ca, Sr, Ba, Eu)
class of materials arose because of their simple ThCr2Si2-
type body-centered tetragonal crystal structure (space
group I4/mmm), the ease of growing large single crys-
tals, and the similarity of their generic phase diagram
showing the emergence of superconductivity upon sup-
pression of antiferromagnetic spin density wave (SDW)
transition with that of the high-Tc cuprates.
1–7 The
122-type iron arsenide superconductors with the body-
centered tetragonal ThCr2Si2 structure consist of super-
conducting layers of Fe2As2 stacked along the c axis and
FeAs layers appear to be crucial for the emergence of
superconductivity. However, the specific relationship of
the FeAs layers and the mechanism of superconductivity
in iron-arsenide superconductors is not well understood.
Therefore the investigations of other 122-type materials
without iron should be helpful in addressing such issues.
The known iron-free 122-type Ca, Sr, or Ba-based pnic-
tide superconductors include BaNi2As2 (Tc = 0.7 K),
8
SrNi2As2 (Tc = 0.62 K),
9 SrIr2As2 (Tc = 2.9 K),
10
SrPt2As2 (Tc = 5.2 K),
11 SrNi2P2 (Tc = 1.4 K),
12
BaNi2P2 (Tc = 2.4 K),
13,14 BaIr2P2 (Tc = 2.1 K),
15
and BaRh2P2 (Tc = 1.0 K),
15 and SrPt2Sb2 (Tc =
2.1 K).16 The compound SrPd2Ge2 (Tc = 3.0 K) is
a non-iron-based 122-type superconductor that is also
free of pnictogen.17,18 Non-bulk superconductivity was
reported in SrPt2Ge2 (Tc = 10.2 K) as arising from
a high-temperature metastable ThCr2Si2-type minority
phase.19
Continuing our investigations of the physical proper-
ties of the end-point compounds AM2As2 (M = transi-
tion metal),20–22 we recently discovered bulk supercon-
ductivity in the PdAs-based compounds CaPd2As2 and
SrPd2As2 with Tc = 1.27 K and 0.92 K, respectively.
They are both found to be conventional type-II s-wave
superconductors. Despite a very sharp jump in the elec-
tronic heat capacity Ce at Tc of CaPd2As2, the value
of ∆Ce/γnTc = 1.14(3) is significantly smaller than the
BCS expected value of 1.43, where γn is the normal-state
Sommerfeld electronic heat capacity coefficient.22 The re-
duced value of ∆Ce/γnTc was accounted for by the α-
model of BCS superconductivity.23,24 The superconduct-
ing state Ce(T ) data yielded a reduced α ≡ ∆(0)/kBTc =
1.58(2) compared to the BCS value αBCS = 1.764 which
may be due to the presence of anisotropy in the s-wave
superconducting order parameter (gap) and/or to multi-
ple superconducting s-wave gaps.24
CaPd2Ge2 is reported to form in the ThCr2Si2-type
structure.25 However the physical properties of this com-
pound have not been reported previously. Here we report
crystallographic and normal and superconducting-state
properties of this compound. We discovered that single-
crystal CaPd2Ge2 exhibits a very sharp bulk supercon-
ducting transition with a reduced value of ∆Ce/γnTc,
similar to CaPd2As2. Single crystals of CaPd2Ge2 were
grown by the high-temperature solution growth tech-
nique using PdGe as flux and were characterized by mag-
netic susceptibility χ, isothermal magnetization M , heat
capacity Cp and in-plane electrical resistivity ρ measure-
ments as a function of temperature T and magnetic field
H . For T > 2.0 K the normal-state χ(T ) is para-
magnetic and weakly anisotropic with χab > χc. A
sharp jump in Cp at Tc = 1.69(3) K and zero resistiv-
ity below 1.67 K characterize CaPd2Ge2 as a bulk su-
2perconductor. However ∆Ce/γnTc = 1.21(3) is found to
be smaller than the BCS expected value of 1.426. In
the superconducting state the electronic heat capacity
data of CaPd2Ge2 are well described by the α-model
23,24
with a reduced α = 1.62(3) suggesting that the s-wave
gap is anisotropic in momentum space24 which is man-
ifested as a reduced value of ∆Ce/γnTc. Our penetra-
tion depth measurements indicate s-wave superconduc-
tivity with α = 1.56(2), consistent with the value of α
inferred from the Cp(T ) measurements. Our measured
and derived normal- and superconducting-state param-
eters characterize CaPd2Ge2 as a conventional s-wave
type-II superconductor in the dirty limit with a moder-
ately anisotropic s-wave gap and/or with multiple s-wave
gaps.
The experimental details are given in Sec. II followed
by a study of the crystallography in Sec. III. The su-
perconducting and normal state properties are presented
and analyzed in Secs. IV–VIII. A summary of the results
and analyses is given in Sec. IX.
II. EXPERIMENTAL DETAILS
Single crystals of CaPd2Ge2 were grown by self-
flux high-temperature solution growth using high pu-
rity Ca (Ames Lab), Pd (99.998%, Alfa Aesar) and Ge
(99.9999%, Alfa Aesar) in a molar ratio of 1:4:4. The
starting materials were placed in an alumina crucible and
sealed inside an evacuated quartz tube which was placed
in a high-temperature furnace. The crystal growth was
carried by heating to 1010 ◦C at a rate of 80 ◦C/h, hold-
ing for 40 h, then slow cooling over 100 h at a rate of
1.5 ◦C/h down to 860 ◦C, yielding several shiny plate-like
crystals that were separated from the molten flux using
a centrifuge. Crystals of typical size 1.5×1.2×0.15 mm3
were obtained.
A JEOL scanning electron microscope (SEM) equipped
with an energy-dispersive x-ray (EDX) analyzer was used
to check the quality and chemical composition of the crys-
tals. High-resolution SEM images revealed the crystals
to be single phase and the EDX composition analysis
showed the average composition of crystals to be consis-
tent with the formula CaPd2Ge2. A Rigaku Geigerflex
x-ray diffractometer was used to collect the powder x-
ray diffraction (XRD) data using Cu Kα radiation. The
crystal structure was determined by Rietveld refinement
of the XRD data using the software FullProf.26
A Quantum Design, Inc. superconducting quantum in-
terference device magnetic properties measurement sys-
tem (MPMS) was used for magnetic measurements. The
anisotropic M(T ) and M(H) data were collected by
mounting a single crystal on a thin horizontal rotatable
quartz rod using GE 7031 varnish and the contribution
from the sample holder was subtracted to obtain the sam-
ple contribution. The accuracy of the reported χ(T ) and
M(H) data is ≈ 10%. A Quantum Design, Inc. physi-
cal properties measurement system (PPMS) was used for
Cp(T ) and in-plane ρ(T ) measurements. The Cp(T ) was
measured by the relaxation method using the heat capac-
ity option of the PPMS and the ρ(T ) was measured by the
standard four-probe ac technique using the ac transport
option of the PPMS. A 3He attachment to the PPMS
allowed the Cp(T ) and ρ(T ) measurements to be carried
out down to a temperature of 0.45 K.
The temperature variation of the London penetration
depth ∆λ(T ) was measured using a tunnel diode res-
onator (TDR) operating in a dilution refrigerator at
20.2 MHz. The resonator consists of an LC tank cir-
cuit with a single-layer copper coil with inductance L0 ∼
1 µH, a capacitor with capacitance C = 100 pF, and a
tunnel diode that is biased to the region of negative differ-
ential resistance, thus compensating the losses in the cir-
cuit. This tank circuit develops self-oscillations at a res-
onant frequency f0 = (2π
√
L0C)
−1. When a supercon-
ducting sample with magnetic susceptibility χ is inserted
into the coil, the total inductance decreases and the (pos-
itive) resonant frequency shift ∆f(T ) = f(T )− f0 is re-
lated to the temperature-dependent χ and hence λ(T )
by27,28
∆f(T )
G
= −4πχ(T ) ≈
{
1− λ(T )
D
tanh
[
D
λ(T )
]}
, (1)
where D is the effective sample dimension and G is the
sample- and coil-dependent calibration constant, G ≈
V f0/[2Vc(1−N)], where V is the sample volume, Vc is the
coil volume and N is the demagnetization factor of the
sample.27 To avoid uncertainties related to sample and
coil dimensions as well as a poorly-defined demagnetiza-
tion factor, the calibration constant G is determined ex-
perimentally by matching the temperature dependence of
the skin depth d(T ) obtained from the resonator response
in the normal state to the measured resistivity ρ(T ) by
using the relation d(T ) = (c/2π)
√
ρ(T )/f , where c is the
speed of light in vacuum.29
A change in the London penetration depth with re-
spect to its value at the lowest temperature Tmin is mea-
sured according to ∆λ(T ) = λ(T ) − λ(Tmin). In our
experiment in a dilution refrigerator, Tmin ≈ 100 mK, so
Tmin ≪ Tc ≈ 1.77 K. The coil generates a very small ac
magnetic field of about 20 mOe, which was oriented along
the tetragonal c axis of single crystals of CaPd2Ge2, so
the reported London penetration depth corresponds to
the penetration depth in the ab plane.
III. CRYSTALLOGRAPHY
The powder XRD data collected on crushed single
crystals of CaPd2Ge2 at room temperature are shown
in Fig. 1 together with the Rietveld refinement profile
for the ThCr2Si2-type body-centered tetragonal struc-
ture (space group I4/mmm). The single-phase nature of
crystals is evident from the refinement. The weak unin-
dexed peak marked by a star is due to residual flux on the
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FIG. 1: (Color online) Powder x-ray diffraction pattern of
CaPd2Ge2 recorded at room temperature using Cu Kα radi-
ation. The solid line through the experimental points is the
Rietveld refinement profile calculated for the ThCr2Si2-type
body-centered tetragonal structure (space group I4/mmm).
The short vertical bars mark the fitted Bragg peak positions.
The lowermost curve represents the difference between the
experimental and calculated intensities. The unindexed peak
marked with a star is a peak from residual PdGe flux on the
surface of the CaPd2Ge2 crystals prior to crushing them.
TABLE I: Crystallographic and Rietveld refinement parame-
ters obtained from powder XRD data of crushed CaPd2Ge2
crystals. The atomic coordinates of Ca, Pd and Ge atoms in
space group I4/mmm are (0,0,0), (0,1/2,1/4) and (0,0,zGe),
respectively.
Structure ThCr2Si2-type tetragonal
Space group I4/mmm
Lattice parameters
a (A˚) 4.3216(1)
c (A˚) 9.9675(3)
Vcell (A˚
3) 186.16(1)
Ge c axis coordinate zGe 0.3745(2)
Refinement quality
χ2 6.88
Rp (%) 7.57
Rwp (%) 9.93
surface of the crystals prior to crushing them. The crys-
tallographic and refinement parameters are listed in Ta-
ble I. The lattice parameters a, c and the c-axis position
parameter zGe of the Ge atoms are in good agreement
with the reported values.25 While refining the XRD data
we kept the thermal parameters B fixed to B = 0 and
the occupancies of the atoms fixed to unity as there was
no improvement in the quality of fit and the parameters
a, c and zGe were insensitive to small changes in B and
atomic site occupancies. The c/a ratio and the interlayer
Ge–Ge distance dGe−Ge = (1 − 2zGe)c are 2.306(1) and
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FIG. 2: (Color online) (a) In-plane electrical resistivity ρ of
a CaPd2Ge2 single crystal as a function of temperature T
for 1.8 K ≤ T ≤ 300 K measured in applied magnetic field
H = 0. The red solid curve is a fit by the Bloch-Gru¨neisen
model. Inset: Expanded view of ρ(T ) below 3 K to show the
superconducting transition. (b) The ρ(T ) of CaPd2Ge2 for
0.45 K ≤ T ≤ 3.0 K showing the superconducting transition
for different values ofH , as indicated, applied along the c axis.
2.50 A˚, respectively.
IV. ELECTRICAL RESISTIVITY
The in-plane ρ(T ) data of CaPd2Ge2 measured at var-
ious fields in the temperature range 0.45 K ≤ T ≤ 300 K
are shown in Fig. 2. The ρ(T ) data shown in Fig. 2(a)
reveals the metallic character of CaPd2Ge2. The ρ de-
creases with decreasing T and tends to be constant below
20 K until there is a rapid drop in ρ to zero due to the
onset of superconductivity. An expanded plot of the zero-
4field ρ(T ) data is shown in the inset of Fig. 2(a), which
exhibits a sharp superconducting transition with an onset
at Tc onset = 1.98 K and zero resistance at Tc 0 = 1.67 K.
We define Tc = 1.71(5) K from the temperature of the
peak of dρ/dT . The ρ(T ) data in Fig. 2(b) at various H
show that Tc decreases with increasingH , where the tran-
sition is seen to broaden with increasing H . While Tc is
suppressed to a temperature below 0.5 K at H ≈ 0.12 T,
a Tc onset of 0.6 K is seen even at H = 0.25 T. In addi-
tion, an increase in the magnitude of the normal-state ρ
occurs with increasing H .
The normal-state residual resistivity at T = 2 K and
H = 0 is ρ0 = 12 µΩcm. The residual resistivity ratio
RRR ≡ ρ(300K)/ρ0(2K) = 3.5. The normal-state ρ(T )
data were fitted by the Bloch-Gru¨neisen (BG) model of
resistivity that describes the electrical resistivity due to
scattering of conduction electrons by longitudinal acous-
tic lattice vibrations.30 Our fit of ρ(T ) data by BG model
is shown by the solid red curve in Fig. 2(a). Further de-
tails on the fitting procedure can be found in Refs. 20
and 31. We obtained the resistively-determined De-
bye temperature ΘR = 171(3) K. The fit also yielded
ρ0 = 12.03(3) µΩcm and ρ(T = ΘR) = 16.1(3) µΩcm.
The error bars on the two fitted resistivity values are sta-
tistical and do not take into account the ∼ 10% uncer-
tainty in the geometric factor that converts the measured
resistance values into resistivity values.
V. NORMAL-STATE MAGNETIZATION AND
MAGNETIC SUSCEPTIBILITY
The zero-field-cooled magnetic susceptibilities χ(T ) ≡
M(T )/H data of a CaPd2Ge2 crystal in the temperature
range 1.8 K ≤ T ≤ 300 K for both H applied along the
c axis (χc, H ‖ c) and in the ab plane (χab, H ⊥ c)
are shown in Fig. 3. The χ(T ) measured at low H
(20 Oe) shown in the inset of Fig. 3 reveals the on-
set of superconductivity at ≈ 2.0 K, consistent with
Tc onset = 1.98 K obtained from the ρ(T ) measurements
above. The χ(T ) data measured at H = 3.0 T exhibit
nearly T -independent weak paramagnetism for both di-
rections of H . The downturns in χ below 25 K arise
due to an error in measuring the sample holder contribu-
tion which was about 85% of the total measured moment
due to the small mass of the measured crystal. No such
downturns below 25 K are seen in the intrinsic χ val-
ues obtained below from the high-field slopes of M(H)
isotherms which are shown by filled stars in Fig. 3, in-
dicating that the low-T downturns in χ(T ) are extrinsic.
The χ is weakly anisotropic with χab > χc over the entire
temperature range 2 K ≤ T ≤ 300 K, which is the same
anisotropy as in the parent AFe2As2 compounds.
1
The M(H) isotherms of the CaPd2Ge2 crystal for
both H applied along the c axis (Mc, H ‖ c) and in
the ab plane (Mab, H ⊥ c) measured at eight tem-
peratures between 1.8 and 300 K are shown in Fig. 4.
The M is weakly paramagnetic and anisotropic with
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FIG. 3: (Color online) Zero-field-cooled magnetic suscepti-
bility χ of a CaPd2Ge2 single crystal as a function of tem-
perature T over the temperature range 1.8 K ≤ T ≤ 300 K
measured in a magnetic field H = 3.0 T applied along the c
axis (χc, H ‖ c) and in the ab plane (χab, H ⊥ c). The filled
stars represent the intrinsic χ obtained from fitting M(H)
isotherm data by Eq. (2). The lines joining the stars are
guides to the eye. Inset: Expanded plot of χ(T ) for T < 4 K
measured at the low field H = 20 Oe showing the onset of
superconductivity at ≈ 2 K.
Mab(H) > Mc(H). The M(H) curves are almost linear
in H except at low-H . In order to obtain the intrinsic χ
we fitted the high-field M(H) data by
M(H) =Ms + χH, (2)
where Ms is the impurity saturation magnetization. The
fitted χ values obtained from the slope of linear fits of
M(H) isotherms for H ≥ 2 T are shown as filled stars in
Fig. 3. The Ms values (not shown) are found to be nega-
tive which is unphysical and can be attributed to a small
error in the calibration of the sample holder contribution
to the total magnetization.
The powder- and temperature-average 〈χ〉 of the in-
trinsic χ for 50 ≤ T ≤ 300 K in Fig. 3 is 〈χ〉 =
[2〈χab〉 + 〈χc〉]/3 = 8.56 × 10−5 cm3/mol. The intrin-
sic χ contains the four contributions
χ = χcore + χVV + χL + χP. (3)
The first three contributions are orbital terms and the
last term is the Pauli spin susceptibility of the conduc-
tion carriers. χcore is the diamagnetic core susceptibil-
ity, χVV is the paramagnetic Van Vleck susceptibility
and χL is the Landau diamagnetic susceptibility of the
conduction carriers. Using the constituent atomic dia-
magnetic susceptibilities,32 we obtain χcore = −1.79 ×
10−4 cm3/mol. The χP is estimated using the relation
33
χP = (g
2/2)µ2BDband(EF), where g is the spectroscopic
splitting factor (g-factor) of the conduction carriers, µB is
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FIG. 4: (Color online) Isothermal magnetization M of
CaPd2Ge2 as a function of applied magnetic field H at differ-
ent temperatures, as listed, for magnetic fields applied (a) in
the ab plane (H ⊥ c) and, (b) along the c axis (H ‖ c).
the Bohr magneton, and Dband(EF) is the band-structure
density of states at the Fermi energy EF. Using g = 2
and Dband(EF) = 2.47 states/eV f.u. obtained in Eq. (9)
below from heat capacity measurements, one obtains
χP = 7.98×10−5 cm3/mol. The χL is estimated from χP
using the relation33,34 χL = −(me/m∗band)2χP/3, which
assuming the band structure effective mass m∗band = me
gives χL = −2.66 × 10−5 cm3/mol, where me is the
free-electron mass. The powder-averaged χVV value
〈χVV〉 is then estimated from Eq. (3) using the above-
estimated χcore, χP, χL, and 〈χ〉 values as 〈χVV〉 =
2.11× 10−4 cm3/mol.
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FIG. 5: (Color online) Heat capacity Cp of a CaPd2Ge2 single
crystal as a function of temperature T for 1.8 K ≤ T ≤ 300 K
measured in zero magnetic field. The red solid curve is the
fitted sum of the contributions from the Debye lattice heat
capacity CVDebye(T ) and predetermined electronic heat ca-
pacity γnT . Inset: Cp/T vs. T for 0.45 K ≤ T ≤ 3.0 K. The
dotted red line mark the superconducting transition temper-
ature Tc.
VI. HEAT CAPACITY
A. Overview of the Superconducting- and
Normal-State Heat Capacities
The Cp(T ) data of CaPd2Ge2 measured at H = 0 in
0.45 K ≤ T ≤ 300 K are shown in Fig. 5. A sharp
jump in Cp due to the occurrence of superconductivity
at Tc = 1.69(3) K is evident from the low-T Cp(T ) data
shown in the inset of Fig. 5. The jump in Cp and Tc are
found to decrease with the application of magnetic field
as can be seen from the Cp(T ) data measured at various
H shown in Fig. 6(a). The Tc is found to suppress to
below 0.45 K by H = 0.10 T.
Plots of Cp/T vs. T
2 for H = 0 and 0.10 T are shown
in Fig. 6(b). In order to estimate the normal-state Som-
merfeld electronic heat capacity coefficient γn we fitted
the (normal-state) Cp(T ) data at H = 0.10 T and the
normal-state part of the Cp(T ) data at H = 0 simulta-
neously by
Cp(T )
T
= γn + βT
2 + δT 4, (4)
where βT 3 is the Debye T 3-law low-T lattice heat ca-
pacity and δT 5 is an additional lattice heat capacity
contribution. The fit of Cp(T ) data at H = 0.10 T in
0.45 K ≤ T ≤ 4.0 K and at H = 0 in 1.8 K ≤ T ≤ 4.0 K
is shown by the red curve in Fig. 6(b). We thus ob-
tained γn = 8.78(4) mJ/molK
2, β = 0.56(2) mJ/molK4
and δ = 9.4(8) µJ/molK6. The Debye temperature
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FIG. 6: (Color online) (a) Heat capacity Cp as a function
of temperature T of a CaPd2Ge2 single crystal for 0.45 K ≤
T ≤ 2.5 K measured in different magnetic fields H applied
along the c axis as indicated. (b) Cp/T versus T
2 for 0.45 K ≤
T ≤ 3.9 K with H = 0 and 0.1 T. The red curve is a fit of
the H = 0.1 T data for 0.45 K ≤ T ≤ 4.0 K together with
the H = 0 data for 1.8 K ≤ T ≤ 4.0 K by Eq. (4).
ΘD = 259(3) K was estimated from β using the relation
35
ΘD = (12π
4Rp/5β)1/3, whereR is the molar gas constant
and p = 5 is the number of atoms per formula unit (f.u.).
The high-temperature Cp(T ) data in Fig. 5 yield
Cp(T = 300 K) ≈ 123 J/molK, which is close to the
expected classical Dulong-Petit value CV = 3pR = 15R
= 124.7 J/molK at constant volume.35,36 The normal-
state Cp(T ) data at H = 0 over the full temperature
range 2.0 K ≤ T ≤ 300 K were fitted by the sum of
the electronic term γnT determined above and the De-
bye model lattice heat capacity CVDebye(T ),
31,35,36 yield-
ing the fitted Debye temperature ΘD = 259(2) K. The
fit is shown as the solid red curve in Fig. 5. This value
of ΘD agrees within the statistical error bars with the
value ΘD = 259(3) K obtained above from the coeffi-
cient β. This good agreement is very unusual because ΘD
is temperature-dependent due to the difference between
the actual phonon density of states versus frequency of
a material and the quadratic behavior assumed in the
Debye theory for all materials. On the other hand, this
value of ΘD is much larger than the ΘR = 171(3) K ob-
tained above from the fit of the ρ(T ) data by the Bloch-
Gru¨neisen theory. Often these differently-derived values
of the Debye temperature are in fairly good agreement.
It is not clear why they are so different for CaPd2Ge2
since the respective experimental data from both types
of measurements are well fitted by the respective theory.
The density of states at the Fermi energy DC(EF)
determined from heat capacity measurements was esti-
mated from the value of γn according to
35
γn =
π2k2B
3
DC(EF). (5)
Using the above value γn = 8.78(4) mJ/molK
2 gives
DC(EF) = 3.72(2) states/eV f.u. (6)
for both spin directions. This value of DC(EF) in-
cludes the influence of the electron-phonon interaction.
The bare band-structure density of states Dband(EF) and
m∗band are related to DC(EF) according to37
DC(EF) = Dband(EF)(1 + λe−ph), (7a)
m∗ = m∗band(1 + λe−ph), (7b)
where λe−ph is the electron-phonon coupling constant
and m∗ is the effective mass of the quasiparticles (charge
carriers). An estimate of λe−ph is made from ΘD and Tc
using the relation from McMillan’s theory38
λe−ph =
1.04 + µ∗ ln(ΘD/1.45Tc)
(1− 0.62µ∗) ln(ΘD/1.45Tc)− 1.04 . (8)
where µ∗ is the repulsive screened Coulomb parameter.
Taking µ∗ to be the representative value µ∗ = 0.13
and using the values Tc = 1.69 K and ΘD = 259 K,
Eq. (8) gives λe−ph = 0.51. This value of λe−ph is rather
small and indicates weak-coupling superconductivity in
CaPd2Ge2. The value
Dband(EF) = 2.47 states
eV f.u.
(9)
for both spin directions is obtained from the values of
DC(EF) and λe−ph using Eq. (7a).
Next we estimate the mean free path ℓ from the values
of DC(EF) and the residual resistivity ρ0. The Fermi
velocity vF is related to DC(EF) by35
vF =
π2h¯3
m∗2Vf.u.
DC(EF), (10)
where Vf.u. = Vcell/2 is the volume per formula unit and
h¯ is Planck’s constant divided by 2π. This gives vF =
71.53×108 cm/s where we assumed that the band mass is
m∗band = me and hence m
∗ = 1.53me from Eq. (7b). The
mean free path is given by ℓ = vFτ , where the mean free
scattering time τ is related to ρ0 by τ = m
∗/(ne2ρ0),
35
n being the conduction carrier density given by35
n =
1
3π2
(
m∗vF
h¯
)3
. (11)
Thus
ℓ = 3π2
(
h¯
e2ρ0
)(
h¯
m∗vF
)2
, (12)
where h¯/e2 = 4108 Ω. Using the above estimated value
of vF for ρ0 = 12 µΩcm we obtain ℓ = 2.55 nm, where
again we used m∗ = 1.51me.
The superconducting London penetration depth in the
clean limit at T = 0, λL(0), is a normal-state property
since it can be estimated from the Fermi velocity using
the relation39
λL(0) =
c
ωp
, (13)
where c is the speed of light in vacuum and the plasma
angular frequency ωp of the conduction carriers is given
by
ω2p =
4πne2
m∗
=
4(m∗e)2(vF/h¯)
3
3π
. (14)
We thus obtain ωp = 2.37×1016 rad/s from Eq. (14) and
λL(0) = 12.6 nm from Eq. (13) using m
∗ = 1.51me and
vF = 1.53× 108 cm/s.
The above normal-state parameters are summarized in
Table II.
B. Superconducting-State Properties
The electronic contribution to the heat capacity Ce(T )
for CaPd2Ge2 is shown in Fig. 7. The Ce(T ) was ob-
tained by subtracting the above-determined phonon con-
tribution from the measured Cp(T ) data, i.e., Ce(T ) =
Cp(T ) − (βT 3 + δT 5). A sharp jump ∆Ce in Ce
at Tc reveals bulk superconductivity in CaPd2Ge2.
From Fig. 7, ∆Ce = 17.9(3) mJ/molK or ∆Ce/Tc =
10.6(3) mJ/molK2 is obtained corresponding to the
entropy-conserving construction shown by the vertical
dotted line at Tc in Fig. 7(a). The normalized value
∆Ce/γnTc = 1.21(3) is obtained using the above esti-
mated γn = 8.78(4) mJ/molK
2. This intrinsic value
of ∆Ce/γnTc is significantly smaller than the BCS value
∆Ce/γnTc = 1.426.
39 We attribute this reduction to the
presence of an anisotropic superconducting energy gap
in a single s-wave gap model24 and use the single-band
α-model of the BCS theory superconductivity23,24,40 for
further analysis of the superconducting state data.
TABLE II: Measured and derived superconducting and rele-
vant normal state parameters for CaPd2Ge2. Tc: bulk super-
conducting transition temperature; γn: observed Sommerfeld
coefficient of the linear term in the low-T normal-state heat
capacity; D(EF): density of states at the Fermi energy for
both spin directions determined from γn; ΘD: Debye temper-
ature from fitting heat capacity data; ΘR: Debye tempera-
ture from fitting electrical resistivity data; λe−ph: electron-
phonon coupling constant; ∆Ce: heat capacity jump at Tc;
α = ∆(0)/kBTc; ∆: superconducting order parameter deter-
mined from London penetration depth measurements; αM:
Maki parameter; Hc, HP, Hc1, H
Orb
c2 , Hc2: thermodynamic,
Paul limiting upper critical, lower critical, orbital upper crit-
ical, and fitted upper critical magnetic fields, respectively;
κGL: Ginzburg-Landau parameter; ξ: Ginzburg-Landau co-
herence length; ξ0: BCS superconducting coherence length; ℓ:
electronic mean-free path at low T ; ωp: angular plasma fre-
quency; λL: London penetration depth; λeff : magnetic pen-
etration depth. The value of λobs(0) is determined from the
London penetration depth measurements.
CaPd2Ge2 property value
Tc (K) 1.69(3)
γn (mJ/mol K
2) 8.78(4)
DC(EF) (states/eV f.u.) 3.72(2)
ΘD (K) from low-T Cp data 259(3)
ΘD (K) from all-T Cp data 259(2)
ΘR (K) from ρ(T ) data 171(3)
λe−ph 0.51
∆Ce (mJ/molK) 17.9(3)
∆Ce/γnTc 1.21(3)
α (from ∆Ce/γnTc) 1.62(3)
∆(0)/kB (K) (observed) 2.62(5)
αM 0.065
Hc(T = 0) (mT) 15.0
HP (T) 2.89
Hc1(T = 0) (mT) 3.1
HOrbc2 (T = 0) (dirty limit) (T) 0.13(2)
Hc2(T = 0) (mT) 134
κGL 6.30
ξ(T = 0) (nm) 49.7
ξ0 (nm) 1181
ℓ (m∗ = 1.51me) (nm) 2.55
ωp (m
∗ = 1.51me) (10
16 rad/s) 2.37
λcalcL (0) (clean limit) (nm) 12.6
λcalceff (0) (dirty limit) (nm) 272–313
λobs(0) (nm) 186(16)
In the α-model, the BCS parameter αBCS ≡
∆(0)/kBTc = 1.764 is used to calculate the order pa-
rameter ∆(T ) and the London penetration depth, but is
replaced by a variable α and hence a variable ∆(0)/kBTc
in fitting other properties such as the jump in the elec-
tronic heat capacity at Tc.
23,24 Using the relation24
∆Ce(Tc)
γnTc
= 1.426
(
α
αBCS
)2
, (15)
for CaPd2Ge2 we obtain α = 1.62(3) which is signifi-
cantly smaller than the BCS value of 1.764. The solid
red curves in Figs. 7(a) and 7(b) are the theoretical pre-
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FIG. 7: (Color online) (a) Electronic contribution Ce to the
heat capacity as a function of temperature T of CaPd2Ge2.
The normal-state behavior is shown by the straight full blue
line and the extrapolation to T = 0 by the dashed blue line.
(b) Ce/T versus T . The solid red curve in each figure is the
theoretical prediction of the α-model for α = 1.62. The BCS
value is αBCS ≈ 1.764.
dictions of the α-model for Ce(T ) using α = 1.62. The
predicted superconducting state Ces(T ) and Ces(T )/T
behaviors are seen to be in good agreement with the T -
dependent experimental data. Additional information on
fitting Ces(T ) data within the framework of the α-model
is given in Refs. 22 and 24.
Within the α-model, the thermodynamic critical field
Hc at T = 0 is given by
24
Hc(0)
(γnVT 2c )
1/2
=
√
6
π
α ≈ 1.382α, (16)
where the Sommerfeld coefficient per unit volume γnV
is in units of erg/(cm3K2), and for our compound
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FIG. 8: (Color online) (a) Thermodynamic critical field Hc as
a function of temperature T obtained for CaPd2Ge2 from the
experimentally derived electronic heat capacity Ce(T ) data
using Eq. (17). The solid red curve is the theoretical pre-
diction of the α-model23,24 for Tc = 1.69 K, α = 1.62 and
γn = 8.78 mJ/molK
2. (b) Upper critical magnetic field
Hc2(T ) of CaPd2Ge2 determined from the electrical resistiv-
ity ρ(T,H) (black open squares) and heat capacity Cp(T,H)
(blue open circles) data in Figs. 2(b) and 6(a), respectively.
The designation Tc 0 is the temperature at which zero resis-
tivity is reached on cooling. The red curve is the prediction
for Hc2(T ) by the WHH theory
43 in Eqs. (20) for αM = 0.115
and λso = 0.
CaPd2Ge2 we obtain γnV = 1566 erg/cm
3K2 from the
above experimental value of γn and the molar volume.
Then using α = 1.62 and Tc = 1.69 K, Eq. (16) gives
Hc(0) = 15.0 mT.
The experimental thermodynamic Hc(T ) is deter-
9mined from the zero-field Ce(T ) data according to
39,41
H2c (T ) = 8π
∫ Tc
T
[Sen(T
′)− Ses(T ′)]dT ′. (17)
where the electronic contribution to the entropy is
Se(T
′) =
∫ T ′
0
[Ce(T
′′)/T ′′)]dT ′′, and Sen and Ses are the
electronic entropies of the normal and superconducting
states, respectively. The experimental Hc(T ) obtained
from the zero-field Ce(T ) according to Eq. (17) is shown
in Fig. 8(a). The α-model prediction for Hc(T ) is shown
by the solid red curve in Fig. 8(a). The Hc(T ) data and
the theoretical prediction of the α-model are seen to be
in very good agreement.
The T dependences of the upper critical field Hc2 of
CaPd2Ge2 obtained from the ρ(T ) data in Fig. 2(b) at
which zero resistance is reached on cooling and the Cp(T )
data in Fig. 6(a) measured with H ‖ c axis are shown
in Fig. 8(b). It is seen that the Hc2(T → 0) values
are much larger than the thermodynamic critical field
Hc(0) = 15.0 mT determined above which shows that
CaPd2Ge2 is a type-II superconductor.
The orbital critical field at T = 0, HOrbc2 (0), is related
to the initial slope dHc2(T )/dT |T=Tc ofHc2(T ) according
to42,43
HOrbc2 (0) = −ATc
dHc2(T )
dT
∣∣∣∣
T=Tc
, (18)
where A = 0.73 and 0.69 in the clean and dirty limits,
respectively. Within the α-model of the BCS theory of
superconductivity, the Pauli-limiting upper critical field
at T = 0, HP(0), is given by
24
HP(0)[T] = 1.86Tc[K]
(
α
αBCS
)
, (19)
which for Tc = 1.69 K, α = 1.62 obtained above and
αBCS = 1.764 gives HP(0) = 2.89 T. The measured
Hc2(0) is much smaller than HP(0), indicating that the
effect of Pauli limiting on Hc2 is weak.
We further analyze the Hc2(T ) data using the
dirty-limit WHH (Werthamer, Helfand and Hohenberg)
theory.43 We confirm below that CaPd2Ge2 is in the dirty
limit. The WHH theory includes the influence of both
Pauli limiting and spin-orbit scattering of quasiparticles
on Hc2 according to
43
ln
1
t
=
∞∑
ν=−∞
{
1
|2ν + 1| −
[
|2ν + 1|+ h¯
t
(20a)
+
(αMh¯/t)
2
|2ν + 1|+ (h¯+ λso)/t
]−1}
,
where the dimensionless t = T/Tc, λso is the spin-orbit
scattering parameter and h¯ is defined as
h¯ = −
(
4
π2
)
Hc2(T )/Tc
dHc2(T )/dT |T=Tc
. (20b)
The Maki parameter αM is a measure of the relative
strengths of the orbital and Pauli-limiting values of Hc2
and is given by44
αM =
√
2
HOrbc2 (0)
HP(0)
. (21)
Using Eq. (18) and HP(0) = 2.89 T obtained above,
Eq. (21) yields the Maki parameter as
αM = −0.823A dHc2(T )
dT
∣∣∣
T=Tc
. (22)
Taking A = 0.69 for the dirty limit appropriate to the
WHH theory gives
αM = −0.57dHc2(T )
dT
∣∣∣
T=Tc
. (23)
We fitted the combined experimental Hc2(T ) data in
Fig. 8(b) obtained from the ρ(T ) and Cp(T ) measure-
ments by Eqs. (20) using λso = 0, dHc2(T )/dT |T=Tc =
−0.115(15) T/K and a corresponding αM = 0.065 ob-
tained from Eq. (23) as shown by solid red curve in
Fig. 8(b). The fit yields Hc2(0) = 134.4 mT. The values
HOrbc2 (0) = 0.14(2) T in the clean limit and H
Orb
c2 (0) =
0.13(2) T in the dirty limit are estimated from Eq. (18)
using the same value dHc2(T )/dT |T=Tc = −0.115 T/K.
The Ginzburg-Landau parameter κGL is obtained from
Hc2 and Hc using the relation
39
κGL =
Hc2√
2Hc
, (24)
which for Hc2 = 134.4 mT and the above-obtained Hc =
15.0 mT gives κGL = 6.34. This value of κGL is much
larger than 1/
√
2 indicating that CaPd2Ge2 is a type-II
superconductor. The lower critical field Hc1 is obtained
from κGL and Hc using the relation
39
Hc1 = Hc
lnκGL√
2κGL
, (25)
yielding Hc1(0) = 3.1 mT.
The characteristic Ginzburg-Landau coherence length
at T = 0, ξ(0), is obtained from39,41
Hc2(0) =
Φ0
2πξ(0)2
, (26)
where Φ0 = 2.07× 10−7 Gcm2 is the flux quantum. For
Hc2 = 134.4 mT we obtain ξ(0) = 49.7 nm, which is much
larger than the mean free path ℓ = 2.55 nm in Table II,
indicating dirty-limit superconductivity in CaPd2Ge2.
The effective magnetic penetration depth λeff is esti-
mated from Hc2 and Hc using the relation
39
λeff =
Φ0Hc2
4πH2c
, (27)
10
which gives λeff = 313 nm. Alternatively λeff can be
estimated using the dirty limit relation39
λeff(0) = λL(0)
√
1 +
ξ0
ℓ
(dirty limit). (28)
where ξ0 is BCS coherence length which is related to ξ(T )
as39
ξ(T )
ξ0
=
π
2
√
3
Hc(0)
Hc(T )
λL(0)
λeff(T )
, (29)
which for T = 0 leads to
ξ(0)
ξ0
=
π
2
√
3
λL(0)
λeff(0)
. (30)
Substituting λeff from Eq. (28) leads to
ξ(0)
ξ0
=
π
2
√
3
(
1 + ξ0ℓ
) (dirty limit). (31)
Solving for ξ0 we obtain ξ0 = 1181 nm and then Eq. (28)
gives λeff(0) = 272 nm in the dirty limit which is similar
to the previous estimate of λeff(0).
In order to check the consistency of our parameters
we estimate the Fermi velocity from the BCS coherence
length which for α-model are related by24
ξ0 =
h¯vF
π∆(0)
=
(
1
πα
)
h¯vF
kBTc
. (32)
We obtain vF = 1.33 × 108 cm/s for α = 1.62 and ξ0 =
1181 nm. The value of vF is in reasonable agreement with
vF = 1.53×108 cm/s estimated from Eq. (10) above from
the density of states at the Fermi energy derived from
Cp(T ).
VII. LONDON PENETRATION DEPTH
A sample with dimensions of 0.86 × 0.61 × 0.12 mm3
with the shortest length being along the tetragonal c axis
was cut from the crystal used for the above heat capacity
measurements. Figure 9 shows the temperature varia-
tion of the ab-plane London penetration depth ∆λ. The
absolute value of the penetration depth was obtained us-
ing the TDR technique by matching the frequency shift
∆f(T ) to the skin depth d(2 K) = 38.7 µm calculated
from the residual resistivity ρ0 = 12 µΩcm and frequency
f = 20.2 MHz. The superconducting transition tempera-
ture was determined as the temperature of the maximum
of d(∆λ)/dT . The Tc obtained is 1.77 K, which lies be-
tween the values of 1.69 K and 1.98 K determined from
the above heat capacity and resistivity measurements,
respectively.
The temperature dependence of ∆λ up to Tc is shown
in the inset of Fig. 9. At low temperatures below Tc/3,
the ∆λ in Fig. 9 shows a clear saturation on cooling,
K
FIG. 9: The temperature T variation of the ab-plane London
penetration depth ∆λ in a single crystal of CaPd2Ge2 for the
low-T region 0.1 K < T < 0.6 K. The red solid curve is a
fit of the data by the BCS prediction in Eq. (33) for a weak-
coupling single-gap s-wave superconductor. The fit parameter
is ∆(0)/kB with the value shown. Inset: ∆λ versus T over
the wide temperature range 0.1 K < T < 1.8 K.
which is an indication of a fully-gapped superconducting
order parameter in CaPd2Ge2. CaPd2Ge2 is a dirty-limit
superconductor, for which the London penetration depth
in the single-band model for T/Tc ≪ 1 is22
∆λ(T ) = λ(0)
√
π∆(0)
2kBT
exp
[
−∆(0)
kBT
]
. (33)
The experimental data are fitted well up to Tc/3 by
Eq. (33) as shown by the solid red curve in Fig. 9, where
the fitting parameters are λ(0) = (186 ± 16) nm and
∆(0)/kB = (2.62±0.05) K. The error bars are statistical
and are obtained from fitting with a fixed temperature
domain from Tmin to Tc/3.
Using the bulk Tc = 1.69 K determined by the above
heat capacity measurement, we obtain α = 1.56(2) which
is in good agreement with α = 1.62(3) determined from
the heat capacity jump, both of which are smaller than
the value αBCS ≈ 1.764 expected for an isotropic weak-
coupling BCS superconductor. This reduction is likely
due to a moderate anisotropy of a single s-wave super-
conducting order parameter24 although the possibility of
multigap s-wave superconductivity in CaPd2Ge2 cannot
be ruled out.24
The measured and derived superconducting state pa-
rameters of CaPd2Ge2 obtained in this and the above
sections are summarized in Table II.
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VIII. ANISOTROPY IN THE
SUPERCONDUCTING GAP
The single-band α-model of the clean-limit BCS s-wave
theory of superconductivity22,23 describes deviations in
the electronic superconducting thermodynamic proper-
ties from the BCS predictions by allowing the pa-
rameter α ≡ ∆(0)/kBTc to vary when fitting the
superconducting-state electronic heat capacity Ce(T ),
entropy and thermodynamic critical field, whereas the
BCS value α = αBCS ≈ 1.764 is used when calculating
∆(T )/kBTc. This is an inconsistency in the model, but
it does allow the experimental data to be fitted. Values
of α > αBCS indicate strong-coupling superconductiv-
ity whereas values α < αBCS indicate anisotropy in the
s-wave gap around the Fermi surface.24,45 For α < αBCS,
the Ce(T ) for T <∼ Tc measures an average over the
anisotropic gap, whereas λ(T ) for T ≪ Tc measures the
minimum value of the gap.
Our Cp(T ) and λ(T ) data yield similar values α =
1.62(3) and 1.56(2), respectively. Thus both measure-
ments indicate the presence of anisotropy in the super-
conducting s-wave order parameter. However, the BCS
theory and the α-model based on it were formulated for
clean-limit superconductors, whereas we have shown that
CaPd2Ge2 is in the dirty limit, which would be expected
to reduce the degree of anisotropy that would be present
in the clean limit. Therefore we do not attempt to derive
a quantitative estimate of the anisotropy of the super-
conducting gap in terms of our α values.
IX. SUMMARY
Single crystals of CaPd2Ge2 were synthesized by the
self-flux high-temperature growth technique. Our pow-
der x-ray diffraction investigation of crushed crystals
confirms that the compound crystallizes in the body-
centered tetragonal ThCr2Si2- type structure as previ-
ously reported. The superconducting- and normal-state
properties were studied using ρ(T,H), χ(T ), M(H),
Cp(T,H) and λ(T ) measurements which provide con-
clusive evidence of bulk superconductivity with Tc =
1.69(3) K. The normal-state ρ(T ) data reveal metallic
character and were analyzed using the Bloch-Gru¨neisen
model of electrical resistivity. The normal-state Cp(T )
data were analyzed using the sum of an electronic term
and the Debye model of lattice heat capacity, yielding
the Sommerfeld coefficient γn = 8.78(4) mJ/molK
2 and
Debye temperature ΘD = 259(2) K. The normal-state
χ(T ) and M(H,T ) data exhibit weak anisotropic T -
independent paramagnetism with χab > χc.
The superconducting transition is revealed by a very
sharp jump in Cp at Tc = 1.69(3) K with a heat ca-
pacity jump at Tc given by ∆Ce/γnTc = 1.21(3) that is
smaller than the BCS value of 1.426. The superconduct-
ing state electronic heat capacity data are analyzed using
the α-model of the BCS theory of superconductivity. The
very good agreement between the α-model prediction and
the experimental data supports the applicability of the
model. The value α ≡ ∆(0)/kBTc = 1.62(3) obtained is
smaller than the BCS value αBCS = 1.764, reflecting the
corresponding reduction in the heat capacity jump at Tc.
Within a single band model, this reduction arises from
anisotropy in an s-wave gap, but multigap s-wave su-
perconductivity is not ruled out. Various normal- and
superconducting-state parameters are estimated which
indicate that CaPd2Ge2 is a dirty-limit weak-coupling
type-II s-wave electron-phonon driven superconductor.
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